Abstract-A wearable device to power implanted sensors by means of an inductive link is presented. The system, having size 69 × 40 mm 2 , is designed to be embedded into a skin patch and located over the implantation area. The system can transfer up to 15 mW within 6 mm in air. Tested with a 17 mm thick beef sirloin placed between the inductors, the device is able to deliver up to 1.17 mW. Downlink communication with the implanted sensors is performed at 100 kbps by using amplitude modulation. Uplink communication is performed at 66.6 kbps by using load modulation. Long range communication between the system and remote devices is enabled by a bluetooth module. The system is powered by two rechargeable lithium-ion polymer batteries and has an autonomy of 10 h in stand-by mode and about 1.5 h in transmitting mode.
I. INTRODUCTION
Implantable sensors for biomedical applications have been appealing to industry and academia for the past two decades. Possible applications for these devices are the continuous monitoring of the patient and the possibility to achieve personalized therapies [1] . Beyond the sensing aspects, related to the electrochemistry domain, these devices must be minimally invasive to not cause discomfort. Batteries are usually a bottleneck in the miniaturization process. Moreover, their substitution could require the surgery.
Energy harvesting techniques exploit natural or artificial power sources surrounding the person to provide energy to implanted batteries [2, 3] . Thus, batteries can be smaller and with a longer lifetime. Remote powering through inductive links is one of the most promising techniques. In such a technique, an alternate current flows into an external inductor; the variable magnetic field generated induces an alternate current into one or more implanted inductors.
A noticeable advantage of this approach is the possibility to enable bidirectional data communication without using an implanted RF transmitter. Data can be sent from the external transmitter to the implanted device (downlink communication) by modulating the amplitude of the power carrier. Alternatively, data can be sent from the implanted device to the The research work presented was funded by the i-IronIC project and by the NanoSys project. The NanoSys project is within the program ERC-2009-AdG-246810, the i-IronIC project was financed with a grant from the Swiss NanoTera.ch initiative and evaluated by the Swiss National Science Foundation. external transmitter (uplink communication) by modulating the internal load. This modulation is detected by the external transmitter as a variation of the current flowing on the transmitting coil due to the different load (backscattering).
A wearable device to transmit power to an implantable sensor is presented in this paper. The system, named IronIC Patch, is shown in Fig. 1 . The system is realized on a flexible FR4 substrate to be embedded into a skin patch and located directly over the implantation area. This placement reduces the probability of misalignments between the transmitting and receiving inductors.
The device can transmit power wirelessly to the implanted sensors by driving the transmitting coil with a class-E power amplifier. Downlink communication is achieved by means of an Amplitude Shift Keying (ASK) modulator. Uplink communication is achieved by monitoring the current drawn by the amplifier. The system enables long-range communication with remote devices by means of an embedded bluetooth module. Finally, the device is powered by two rechargeable lithiumions polymer batteries (LiPo).
The system is particularly suitable to power implantable sensors dedicated to glucose and lactate monitoring [4, 5] . These sensors are usually placed in the subcutaneous zones, quite close to the transmitting inductor. However, the device can be also used in different applications involving a higher distance between transmitter and receiver.
978-1-4577-1772-7/12/$26.00 ©2012 IEEE The remainder of the paper is organized as follows. In Section 2, the different components comprising the system are described. In Section 3, the performance of the system is analyzed. Moreover, the system is compared to similar devices presented in the literature. Finally, Section 4 concludes the paper.
II. SYSTEM DESIGN
In this section, the system is described in detail at the component-level. The different circuit blocks are successively presented in the following subsections.
A. Class-E Power Amplifier
Amplifiers in class-E, such as the one depicted in Fig. 2 , are commonly used to drive inductive links, due to the high efficiency, theoretically equal to 100% [6] [7] [8] . The MOSFET M 2 , driven by a square waveform, acts as a switch. By properly tuning the capacitors C 3 and C 4 , the current and the voltage across the switch are never different from zero at the same time. Therefore, theoretically the switch does not dissipate power. Choke inductor L 1 , is used to decouple AC signals of the amplifier from DC supply. Inductor L 2 is the transmitting coil.
In this design, the amplifier is driven by a 5 MHz square waveform having 50% duty cycle. The circuit used to generate that waveform is also shown in Fig. 2 . The amplifier can be enabled or disabled by a remote user by acting on the microcontroller through the bluetooth connection.
B. Downlink Modulator
Downlink communication is achieved by modulating the amplitude of the current flowing on the transmitting inductor L 2 . To this end, the supply of the amplifier is switched to the downlink modulator ( Fig. 2 ). This last circuit modulates the supply of the amplifier, thus modulating the current on the transmitting inductor. This modulation is detected by an analog demodulator embedded into the implanted sensor. The modulating signal is a bit-stream generated by the microcontroller, which is controlled by the remote user through the bluetooth connection. The bit-rate is set to 100 kbps. The modulation depth is determined by the ratio between resistors R 7 and R 8 .
C. Uplink Demodulator
Uplink communication is achieved by varying the load of the internal sensor seen by the transmitter. The load modulation affects not only the current flowing on the external inductor, but also the DC current drawn by the amplifier from the supply and passing through resistor R 9 (Fig. 2) . To demodulate an uplink bitstream, the voltage drop across resistor R 9 is digitized and analyzed by the microcontroller. A high voltage drop, due to a high current, corresponds to an internal load not short-circuited (digital value 0); alternatively, a low voltage drop, due to a low current, corresponds to a short-circuited internal load (digital value 1).
Since the current drawn by the amplifier depends on several factors, such as the distance between the inductors and the interleaved tissues, the threshold between high and low current is updated prior to each communication. The uplink bitrate is set to 66.6 kbps. This bit-rate is slightly lower than the downlink bit-rate due to the computational time required to perform a real-time threshold check. Data acquired from uplink communication are sent to the remote user by means of the bluetooth connection.
D. Inductor Design
The external inductor is a 30-turns, planar spiral coil with an area of 38 × 24 mm 2 . The copper thickness is 38 µm, while the distance between adjacent turns is 150 µm. The width of the copper traces is 250 µm. The geometry of the external inductor strongly influences the efficiency of the link [9] . The geometry used is a good tradeoff between link efficiency (ratio between the power dissipated on the load and the total power dissipated) and voltage gain (ratio between the voltage supplied to the load and the voltage source). By using as receiving inductor an 8-layers, 14-turns coil with a total volume of 38 × 2 × 0.544 mm 3 , at 5 MHz the link efficiency is about 20% and the voltage gain is 0.014. This link efficiency does not include the losses due to the amplifier. In the following section, the power consumption of the amplifier is obtained and the link efficiency is calculated including the losses.
E. Power Supply
The device is powered by two rechargeable lithium-ion polymer batteries (LiPo). Each battery has a nominal voltage of 3.7 V and weights 3.7 g. The volume of the single battery is 30.6 × 20.2 × 3.6 mm 3 . Each battery has a capacity of 120 mAh and a maximum discharging rate of 3 A. The maximum charging current is 0.6 A.
The two batteries are placed in series to obtain an overall voltage of 7.4 V (Fig. 2) . Different supply voltages are generated on-board. The analog voltage AVdd is set equal to 6 V. The digital voltage DVdd is set equal to 3.3 V.
A voltage monitor is used to check the batteries and prevent over-discharge. The LED is on when the voltage of the batteries is higher than 6.7 V and switches off when it is lower.
III. EXPERIMENTAL RESULTS
In this section, the performance of the system is evaluated in terms of transferred power and battery consumption. Moreover, the system is compared to similar devices.
A. Performance Evaluation
The proposed system is realized on an FR4 flexible substrate, having thickness 0.1 mm. The area of the system is 69 × 40 mm
2 . The system is tested by using an 8-layers, 14-turns receiving inductor, having volume 38 × 2 × 0.544 mm 3 . Measurements are performed in ambient air.
In this design, capacitors C 3 and C 4 are chosen to provide a transmitted power higher than 10 mW. This set up leads to an overall efficiency slightly smaller than the theoretical one. With this tuning, the power transmitted to the receiving coil versus the distance between the inductors in ambient air is reported in Fig. 3 . At a distance of 6 mm, the received power is about 15 mW. Measurements have been performed by using beef sirloin between the inductors to simulate the presence of biological tissues (Fig 4) . With a 17 mm thick slice of sirloin between the coils, the transferred power is 1.17 mW. This value is comparable with that obtained in ambient air, where the distance between the coils is set to 17 mm (Fig. 3) .
Finally, downlink communication is successfully tested at 100 kbps, while uplink communication is successfully tested at 66.6 kbps. These values satisfy the design specifications previously introduced.
B. Battery Consumption
The system can operate in different modes. A summary of the power drawn from the 7.4 V supply in the different operating modes is reported in Table I .
In stand-by mode, the bluetooth is not connected but intermittently inquires for possible connections. The analog supply AVdd is disconnected and the amplifier is disabled. Digital circuits are disabled and the microcontroller is in low-power mode. The voltage monitor checks the batteries to prevent over-discharge. The total power consumption is about 74 mW, with an estimated battery duration of about 10 h (80% of battery discharge).
In connection mode, the bluetooth module communicates with a remote device. Consequently, the power consumption increases. This additional power is the only difference with the stand-by mode. The total power consumption in connection mode is about 200 mW, with an estimated battery duration of about 3.5 h. In power mode, the analog and digital circuits are enabled and the amplifier is operative. The system transmits power or communicates with the implanted device. It is possible to further split up this operating mode in two cases, according to the bluetooth status (connected or not). With the chosen tuning, the amplifier consumes about 340 mW. When the bluetooth is not connected, the measured battery duration in power mode is about 1.5 h.
C. Comparison with the Literature
The system has been compared with other energy harvesting systems presented in literature [10] [11] [12] [13] . The FOM 3D−η and the FOM 3D−P are used as figures of merit. The FOM 3D−η is defined as follows
where d is the distance between the inductors, V 1 and V 2 are the volumes of the external and internal inductors, and η is the link efficiency. The delivered power P is considered in the FOM 3D−P FOM 3D−P = 10 log d
The comparison between the proposed system and other similar designs is listed in Table II . The link efficiency of the system also includes the losses due to the amplifier; consequently, a smaller efficiency is reported as compared to Section 3.
The system exhibits a comparable performance with the other devices. However, while the other systems are focused on the receiver, the device proposed aims to the wearability of the external transmitter. Indeed, the patch is easily wearable and completely autonomous in terms of supply. Finally, it can be remotely controlled by using bluetooth connection.
IV. CONCLUSIONS
A wearable system to power implanted sensors by means of an inductive link is presented. The system has size 69 × 40 mm 2 and is designed to be embedded into a skin patch and placed directly over the implantation area. The device supports power transmission and bidirectional data communication with implanted sensors. It can transfer up to 15 mW within 6 mm in air when an 8-layers, 14-turns planar inductor is used as receiver. Tested with a 17 mm thick beef sirloin between the inductors, the system can transfer up to 1.17 mW. Downlink communication is performed at 100 kbps by means of ASK modulation. Uplink communication is performed at 66.6 kbps by means of load modulation. Long range communication between the system and remote devices is enabled by an embedded bluetooth module. The patch is powered by two thin LiPo batteries and has an autonomy of about 10 h in stand-by mode and about 1.5 h in power mode.
Finally, while presenting a performance comparable to similar devices, listed in Table II , the patch offers a high wearability, a good autonomy in terms of power supply, and the possibility to be remotely controlled by using bluetooth communication.
